ABSTRACT -Previous allozymic studies have revealed that Korean wild populations of Oryzias latipes have differentiated regionally, and are composed of two distinct groups, the East Korean Population and the China-West Korean Population. Recently, mitochondrial DNA (mtDNA) sequencing and restriction fragment length polymorphism (RFLP) analyses have confirmed these two groups, and shown that the distribution ranges of the two groups overlap in western Korea. In order to describe the detailed distributions of the two groups and the gene flow between them, genotypes of 13 allozymic loci were determined in 444 specimens from 96 localities in Korea. The two major groups were supported by remarkable allele frequency differences at six diagnostic loci:
INTRODUCTION
Primary freshwater fishes are particularly suitable for historic biogeographic studies due to their limited dispersal capacity. It is supposed that land is a barrier to their dispersal and thus local populations are confined to their own watershed and isolated from one another. To investigate phylogeographic patterns, genetic studies based on molecular markers such as allozymes and mitochondrial DNA (mtDNA) sequences are effective.
The medaka, Oryzias latipes , is an egg-laying freshwater fish native to Japan, Korea and China. During allozymic studies of this species in Korea, two genetically distinct groups were observed (Sakaizumi and Jeon, 1987) , the East Korean Population from the coast of the Sea of Japan (East Sea), and the China-West Korean Population in western Korea and China (Sakaizumi, 1986) . These two groups can be distinguished by unique alleles at the ACP *, AMY *, CK-A *, GPI-A *, LDH-A *, LDH-C *, PGM *, SOD * and TF * loci, and the Nei's coefficients of genetic distance ( D ) based on 16 loci are no less than 0.7. However, Sakaizumi and Jeon (1987) analyzed only 18 populations (4 populations from northwestern Korea and 14 from eastern Korea), therefore further comprehensive research was required to investigate the detailed distributions of these two groups.
Karyological studies demonstrated that specimens belonging to the China-West Korean Population had 2n, 46 chromosomes including a large metacentric pair, and a karyotype closely related to those from east and southwestern China. In contrast, the specimens identified as the East Korean Population showed 2n, 48 chromosomes without such large chromosomes (Uwa and Jeon, 1987; Uwa et al ., 1988) . The geographic distributions of these two chromosomal forms are consistent with those of the two allozymically distinguished groups, namely, the 2n, 46 form in western Korea ( O. latipes sinensis ), and the 2n, 48 form in eastern and southern Korea (Kim and Moon, 1987; Kim and Lee, 1992) .
Furthermore, the authors previously demonstrated the same phylogeographic patterns of this species throughout Korea and China based on both restriction fragment polymorphisms (RFLPs) of the entire mitochondrial DNA (mtDNA) (Matsuda et al ., 1997) and mtDNA sequences (Takehana et al ., 2004) . Phylogenetic analyses of mtDNA sequences clearly showed two major clades, D and E, consistent with the distribution ranges of the China-West Korean and East Korean Populations, respectively (Takehana et al ., 2004) . These results also revealed that in western Korea, where the distributions of these two clades overlapped, a limited extent of gene flow was observed. This limited gene flow plus the large genetic divergence suggests some reproductive isolation mechanisms between the two groups, or introgression between them followed by random drift in each population. However, the mtDNA data alone could not conclude which of these hypotheses is correct. Allozymic analysis is a powerful tool not only in the delimitation of a boundary between reproductively independent populations but also in the detection of natural hybridization (Duggins et al ., 1995; Trenham et al ., 1998; Toda et al ., 2001) . Furthermore, when natural hybridization occurs, this approach, by targeting variation in the nuclear gene system, is also useful in analyzing the detailed structures of the hybridizing populations (Arnold, 1992) . This paper describes the detailed distributions of the East Korean and ChinaWest Korean Populations through an extensive allozymic survey of the wild populations in Korea. The purpose was to determine the extent and nature of gene flow between the two groups, especially in western Korea. The discussion focuses on the reproductive isolation between the groups in Korea on the basis of the distribution patterns of allozymic variation.
MATERIALS AND METHODS

Fish specimens
Fishes were collected during 1986-89 from 96 localities in Korea (Fig. 1) , and transferred to the laboratory alive. The collection sites and dates are listed in Appendix 1.
Electrophoresis and staining
The liver, eyes, intestines and skeletal muscle of each individual were separated and homogenized with 10 mM Tris-HCl (pH 7.0). Each homogenate was centrifuged at 15,000 g for 10 min and the resultant supernatant was used for electrophoretic analysis. In this study, we analyzed 11 enzymes and 1 serum protein, presumably encoded by 13 loci including the 9 loci that showed remarkable allele frequency differences between the East Korean Population and the China-West Korean Population in Sakaizumi and Jeon (1987) . The enzymes and protein examined and their Enzyme Commission (E.C.) numbers, presumptive loci and tissues used are shown in Table 1 . The genetic nomenclature and inscriptions followed Shaklee et al . (1990) . Amylase (AMY), creatine kinase (CK-A), esterase (EST), muscle-and eye-lactate dehydrogenases (LDH-A and -C), superoxide dismutase (SOD) and transferrin (TF) were analyzed on native, discontinuous, vertical polyacrylamide slab gels using the buffer system of Davis (1964) . Each gel sheet of 140 × 100 × 1 mm was composed of a 10% acrylamide (6% for muscle-lactate dehydrogenase), 0.125% bisacrylamide separation gel and a 3% acrylamide, 0.8% bisacrylamide stacking gel. Aspartic aminotransferase (AAT), acid phosphatase (ACP), alcohol dehydrogenase (ADH), glucose phosphate isomerase (GPI-A), L-iditol dehydrogenase (IDDH) and phosphoglucomutase (PGM) were separated by electrophoresis in horizontal agarose gels. Each gel sheet of 140 × 180 × 1 mm was composed of 0.9% agarose and 2% polyvinylpyrrolidone (K-90; NACALAI TESQUE, Japan). The buffer system for AAT was 90 mM Tris-hydroxymethylaminomethane, 50 mM boric acid, 2 mM EDTA (pH 8.7) for the electrodes, and 27 mM Tris, 15 mM boric acid, 0.6 mM EDTA (pH 7.0) for the gel. The buffer system for ACP and PGM was 135 mM Tris-hydroxymethylaminomethane, 43 mM citric acid (pH 7.0) for the electrodes, and 9 mM Tris, 3 mM citric acid (pH 7.0) for the gel. Phosphate buffer (25 mM, pH 7.0) was used for both the electrode buffer and the gel buffer for the separation of ADH, IDDH and GPI. Potentials of 400 V for the acrylamide were applied for two hours at 4 ° C. For agarose-gel electrophoresis, 300 V was applied for 1.5 hours. The staining procedures used were those described by Shaw and Prasad (1970) . For staining of amylase, the gel was soaked in a solution of soluble starch (1% w/v) in 20 mM phosphate buffer (pH 7.0) for 15 min at 37 ° C. White bands appeared against a brown background after staining with 100 mM I -180 mM KI solution. 
RESULTS
Of the 13 presumptive loci examined, all were polymorphic. The Korean wild population of Oryzias latipes was divided into two major groups of the eastern and western parts by means of the phenotypic patterns of six diagnostic loci: ACP *, AMY *, CK-A *, LDH-A *, PGM * and TF *. Regarding the ACP * locus, most fish caught in eastern and southern Korea (47 collection sites) had the anodally slower allele ACP * d , whereas the faster allele, ACP * b, was predominant in the western inland area. In the western area (49 collection sites), 27 populations were fixed for ACP*b , 14 along the coastal region were fixed for ACP * d , and the remaining 8 populations had both alleles (Fig. 2a) . Similar conditions were observed for the five other loci, AMY * (Fig. 2b) , CK-A *, LDH-A *, PGM * and TF * (see Appendix 2).
Regarding the esterase systems, all individuals from eastern Korea showed the same pattern with the cathodally slowest band, while many variations without the cathodal band were found in specimens from western Korea. The distribution pattern of this dimorphism was similar to those of the above mentioned loci. The polymorphic patterns were so complicated that they cannot yet be interpreted. However, this result supported the existence of two major groups.
The alleles at the GPI-A *, LDH-C * and SOD * loci showed distribution patterns that were similar to, but slightly different from, those of the six diagnostic loci mentioned above. The frequency of the "eastern" allele, GPI-A * b , was higher than those of ACP *, AMY * and others in western Korea (Fig. 3b) . In contrast, the frequencies of the "eastern" alleles, LDH-C * a and SOD * g , were lower than those of the diagnostic loci in the coastal region along the Yellow Sea (West Sea) (Fig. 4) . The "western" alleles, LDH-C * b and SOD * d , were also frequently observed along the coast of the Tsushima Strait (South Sea). Furthermore, LDH-C*a was distributed in the inland area of western Korea. In addition to these loci, the alleles at the ADH* locus showed a geographically specific distribution. This locus was essentially monomorphic where ADH*a was observed. However, the specimens from the water basins of the Geum River and the Yeongsan River, and the inland area of the Seomjin River system had the cathodally slower allele, ADH*c, at high frequency (Fig. 3a) . According to the genotypes at this locus, the West Korean Population could be divided into two subgroups, the "Han River Subpopulation" from northwestern Korea and the "Geum River Subpopulation" from southwestern Korea. The Han River Subpopulation had the IDDH*c allele at high frequency. At the AAT* locus, AAT*a was found in the Han River Subpopulation, and the anodally slowest allele, AAT*c, was observed for Geoje Island (sites #73 and #74) (Appendix 2).
DISCUSSION
Regional differentiation
According to the genotypes of the six diagnostic protein loci, O. latipes distributions in Korea could be classified into two distinct groups, the China-West Korean Population and East Korean Population 
Consistency among karyological, mtDNA and allozymic variations
Karyological studies also indicated differences between the East Korean Population and China-West Korean Population (Kim and Lee, 1992; Kim and Moon, 1987; Uwa and Jeon, 1987; Uwa et al., 1988) , and RFLP analysis of the entire mtDNA and mitochondrial cytochrome b sequencing in the Korean wild populations confirmed these two groups (Matsuda et al., 1997; Takehana et al., 2004) . This consistency among the different analyses suggests the existence of a long-term isolation event between the two groups.
The results of this study indicated that the China-West Korean Population could be divided further into two subgroups, the Han River Subpopulation and Geum River Subpopulation. The mtDNA studies also demonstrated identical distribution patterns of the two subgroups separated by the Charyong Mountains (Matsuda et al., 1997; Takehana et al., 2004) . Phylogenetic analyses of the mitochondrial cytochrome b sequences showed that local populations from southwestern Korea, that is, the Geum River Subpopulation, were closely related to those from eastern China, suggesting a recent dispersal event from eastern China to southwestern Korea (Takehana et al., 2004) . However, the ADH*c allele, specific to the Geum River Subpopulation, has not been observed in samples from Beijing or Shanghai (Sakaizumi, 1986) . This inconsistency can be explained by the founder effect, since the mtDNA variations were extremely low within the Korean subgroup (Takehana et al., 2004) . It is likely that a small number of populations with ADH*c in eastern China migrated into southwestern Korea, and expanded in distribution range.
Reproductive isolation and introgression between the two major groups
Previous mtDNA analyses showed that in the western region of Korea, where the distributions of the two major mtDNA groups overlap, a limited extent of gene flow was observed (Takehana et al., 2004) . This limited gene flow among local populations along with the large genetic divergence suggested reproductive isolation mechanisms between the two groups, or introgression followed by random drift in each local population. In this study, two distinct genotypes (eastern and western) at six diagnostic loci (ACP*, AMY*, CK-A*, LDH-A*, PGM* and TF*) were distributed in a mosaic fashion along the western coast (Fig. 2) . Each population was nearly fixed as having either eastern or western alleles at all six diagnostic loci, despite the proximity of the samples. This distribution pattern of the East Korean and China-West Korean Populations in western Korea was identical to that of the two distinct mtDNA groups. On the other hand, two populations (sites #7 and #35) in the western coast of Korea showed a hybrid condition, sharing eastern and western alleles at all six diagnostic loci. Both populations were fixed for the western mtDNA type. No other populations with the same allelic pattern were observed. These results suggest low current gene exchange between the two groups. This limited gene flow, observed in both the allozymic and mtDNA analyses, suggests that some reproductive isolation mechanisms exist between the two groups.
Karyological studies demonstrated that the East Korean Population had 2n, 48 chromosomes, while the China-West Korean Population had 2n, 46 chromosomes including a large metacentric pair (Uwa and Jeon, 1987; Uwa et al., 1988) . The heterozygotes disadvantage has been proposed as a possible selective force in chromosomal hybrid zones because of the exception of reduced fertility in karyotypic heterozygotes arising from meiotic aberrations (see King, 1993) . However, male and female progeny from hybrids of the two groups were fully fertile when bred in a laboratory (Sakaizumi et al., 1992) . Therefore, it is unlikely that the difference in chromosome composition between the two groups strongly affects the natural selection of hybrids. Figure 5 indicates the allele frequencies at 9 polymorphic loci and the frequencies of the mtDNA types in representative populations. As previously mentioned, the two major groups showed nearly fixed frequency differences at the six diagnostic loci and mtDNA. However, the distribution of alleles at three loci, GPI-A*, LDH-C* and SOD*, showed introgressive conditions. Some populations of the ChinaWest Korean Population (for example, at sites #36 and #38) had a high frequency of the "eastern" GPI-A*b and LDH-C*a alleles (Fig. 5) . Furthermore, the East Korean Population along the coast of the Yellow Sea (West Sea) and Tsushima Strait (South Sea) (for example, sites #6, #34, #52 and #62) had a high frequency of the "western" LDH-C*b and SOD*d alleles. These introgressive populations might have been formed through repeated generations of backcross after past hybridization of the two groups. The different levels of introgression among the loci found in this study suggest that selective filters are acting against the foreign alleles. It is possible that much of the genome is protected by selection from inter-group gene flow, while several genomic regions appear to accept foreign alleles or chromosomal segments.
Such differential selection is likely to depend on the location of the loci on the genome rather than the functional or structural properties of the enzymes. Introgression of the loci (and linked markers) contributing to isolation is expected to be retarded, whereas neutral or positively selected chromosomal regions (and linked markers) should introgress at higher frequencies. Differential selective filters were also seen from genetic mapping of introgression (Riseberg et al., 1999; Martinsen et al., 2001 ). There are now more than 800 DNA markers mapped to the medaka genome (Naruse et al., 2004) . A detailed genome survey of wild populations based on such DNA markers should make it possible to locate the chromosomal blocks contributing to isolation. Locus  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24 (N) (2) (5) (1) (2) (5) (5) (5) (1) (19) (10) (5) (5) (7) (5) (2) (7) (5) (5) (3) (2) (2) (1) 
